7 Abstract The objective of this work is to achieve a 8 rigorous resolution of the coupled hydraulic and thermal 9 problems (including the solid) within a single triangular 10 axial groove of a heat pipe in microgravity conditions. 11 This is done by modeling the phenomena of transport of 12 matter, momentum and heat, starting from the equations 13 of continuity, Navier-Stokes and energy conservation. By 14 combining the lubrication approximation and the one-15 sided approach, our approach leads to a 2nd-order dif-16 ferential equation for the scaled height of liquid. Through 17 solving numerically this equation for a given heat flux 18 input distribution, we can establish the profiles along the 19 heat pipe for the scaled height of liquid and for the scaled 20 averaged axial velocity of the flow. The equation of 21 energy conservation can then also be solved, for the scaled 22 liquid height distribution just determined. It leads to the 23 scaled temperature field in each section of the heat pipe, 24 and hence to the 3D temperature field, both in the solid 25 and in the liquid. The proposed approach also enables 26 determining the maximum heat flux that can be applied in 27 the evaporator section without reaching dryout. Finally, 28 the parametric sensitivity of this maximum heat flux to 29 both geometrical and thermodynamical parameters is also 30 analyzed. 31
21 energy conservation can then also be solved, for the scaled 22 liquid height distribution just determined. It leads to the 23 scaled temperature field in each section of the heat pipe, 24 and hence to the 3D temperature field, both in the solid 25 and in the liquid. The proposed approach also enables 26 determining the maximum heat flux that can be applied in 27 the evaporator section without reaching dryout. Finally, 28 the parametric sensitivity of this maximum heat flux to 29 both geometrical and thermodynamical parameters is also 30 analyzed. 31 
U N C O R R E C T E D P R O O F
126 flow in a triangular corner through a lubrication approxi-127 mation, but without considering heat transfer however. The 128 axial dryout point of heat pipes was then a new feature that 129 was studied by Anand et al. [7] and Suman et al. [8] .
130
Second, purely thermal models focus only on the heat 131 transfer and phase change. In Stephan and Busse [9] 132 developed a model for the radial heat transfer of a grooved 133 heat pipe evaporator taking into account the disjoining 134 pressure in the vicinity of the liquid-vapor-solid contact 135 line. It was shown that the interface temperature is not 136 equal to the saturation temperature in this micro-region. 137 They also calculated the radial heat transfer coefficient. 138 Similarly to this work, Rossomme et al.
[10] used a 139 lubrication-type theory in the microregion and emphasized 140 the strong influence of the apparent contact angle on the 141 heat transfer within a heat pipe.
142
Third, there are models combining the hydraulic and the 143 thermal problems but, to our knowledge, they do not solve 144 rigorously the two problems in 3D. Xu and Carey [11] and 145 Khrustalev and Faghri [12] developed thermo-hydraulic 146 models where the thermal problem was treated using heat 147 transfer coefficients. The results of these two models sug-148 gested that the disjoining pressure effects are important and 149 pointed out the importance of the liquid fill, the minimum 150 wetting contact angle and the shear stresses at the liquid-151 vapor interface in predicting the heat transfer capacity of a 152 micro heat pipe. In Launay et al. [13] developed a one-153 dimensional model for the hydraulic problem combined to 154 a thermal problem solved through the use of heat transfer 155 coefficients. Their results indicated that heat is mainly 156 transferred in the thin film region and they also corroborate 157 that the thermal performances of a micro heat pipe are 158 strongly dependent on the amount of working fluid. 159 Another approach used for the modeling of the thermo-160 hydraulic behavior of heat pipes was the one-dimensional 161 approach for both the hydraulic and the thermal problems. 162 Indeed, the one-dimensional approach was already devel-163 oped for hydraulic problem such as by Longtin et al. [4] or 164 by Launay et al. [13] but Sobhan and Peterson [14] and 165 Suman et al. [15] [16] [17] applied it for both the hydraulic and 166 the thermal problems. Sobhan and Peterson introduced an 167 effective thermal conductivity for the heat pipe and ana-168 lyzed its variation when the heat load and cooling rate are 169 changed. The goals of the models developed by Suman 170 et al. were to investigate the transient behavior of a heat 171 pipe, the effect of variations in thermophysical properties 172 and design parameters on the performances of a heat pipe, 173 and the performance and the limitations of a heat pipe. The 174 results showed that an increase in the apex angle, inclina-175 tion, viscosity, sharpness of the corner and length of a heat 176 pipe reduces its performances. The results also showed that 177 an increase in surface tension and contact angle increases 178 the performance. Finally, Markos et al. [18] presented in 179 2006 a lubrication-type model of a liquid flow in a wedge 180 in the limit of small capillary numbers and negligible 181 gravity. They solved the liquid flow problem within a heat 182 pipe and the heat transfer (at the section at the end of the 183 condenser) assuming a linear temperature profile along the 184 heat pipe. This model allowed to find the wedge angle that 185 results in the maximum of the flow rate for a given contact 186 angle and it also leads to the location of the dryout point as 187 a function of evaporation conditions. 188 According to the above, there is, to our knowledge, a lack 189 of models combining the rigorous resolution of the coupled 190 hydraulic and thermal problems (including the solid) in 3D. 
207
The system that is studied is a single triangular axial 208 groove in microgravity conditions, and it is described in 209 Fig. 1 . The groove is sealed on its upper side with a glass 210 plate in order to be able to observe the liquid-vapor 211 meniscus in the groove. This idealized configuration is 212 indeed selected in view of a future experiment allowing to 213 measure the profiles of the height of liquid and the tem-214 perature along the heat pipe. Even though highly simplified 215 compared to a realistic heat pipe, it is sufficient for our 216 purpose here to study the detailed thermo-hydraulic phe-217 nomena involved.
218 The geometric notations that will be used in this work 219 are illustrated in Fig. 2 . The x direction is chosen along the 220 axis of the heat pipe and x = 0 corresponds to the begin-221 ning of the evaporator section. 
239
In addition, the non dimensional temperature is
where T is the temperature in the 241 liquid and the solid phases, T sat is the saturation tempera-
with k l the thermal conductivity 243 of the liquid.
244
Given that the length of the heat pipe is generally much 245 larger than its cross-section dimensions, it is legitimate to 246 assume that is a small parameter (lubrication 247 approximation). The viscosity and the thermal conductivity 248 of the vapor are also neglected compared to the viscosity 249 and the thermal conductivity of the liquid (one-sided 250 approach). By using the lubrication approximation ð ! 0Þ 251 and the one-sided approach, the equations of conservation 252 of mass, momentum and energy (the latter for both the 253 liquid and the solid phases) are respectively:
255 255 with V = (U, V, W) the scaled velocity vector in the liquid 256 phase and (X, Y, Z) the non dimensional coordinate system,
258 258
oZ 2 and P the scaled pressure in the liquid 259 phase, and
261 261 262 2.3 Boundary conditions
263
The boundary conditions for the hydraulic problem are a no 264 slip condition on the wall, a free-surface condition on the 265 interface and the mass conservation across the latter. By 266 applying the lubrication approximation and the one-sided 267 approach, these three conditions read
271 271 where n S is the normal to the liquid-vapor interface in the 272 cross-section of the heat pipe and
274 274 where J is the scaled phase change rate and n is the normal 275 to the liquid-vapor interface (here including the X-276 component).
277 The normal momentum balance on the liquid-vapor 278 interface reduces, with the use of the lubrication approxi-279 mation and the one-sided approach, to the Young-Laplace 280 equation: Author Proof
282 282 with P v the scaled pressure in the vapor phase, h the contact 283 angle, / the semi-apex angle of the groove, Ca ¼ lU t r the 284 capillary number, and where the curvature has been 285 expressed in terms of the scaled height of liquid along the 286 heat pipe H(X). The capillary number turns out to be very 287 small in general. This leads to a static and circular shape of 288 the liquid-vapor interface (capillary equilibrium), as 289 assumed in Eq. (7). The small value of the capillary 290 number also makes it incorrect to neglect the right-hand 291 side term of Eq. (7), which is thus entirely responsible for 292 the difference of pressure between the liquid and the vapor 293 phases.
294
By using the lubrication approximation and the one-295 sided approach, the boundary conditions (expressing 296 energy conservation) for the thermal problem are found as:
298 298 where n solid is the normal to the external surface, k s is the 299 thermal conductivity of the solid and Q(X) is the (scaled) 300 imposed heat flux density profile along the heat pipe, and
302 302 where Bi is a Biot number defined by Bi ¼ aLh 0 k l and the 303 interfacial evaporation mass transfer coefficient a is 304 estimated by kinetic theory (see ''Appendix'' for details):
306 306 with f the evaporation coefficient, q v the density of the 307 vapor, M w the molecular mass of the liquid and R the 308 universal gas constant. This Biot number represents the 309 ratio between the heat transfer resistance in the liquid and 310 the kinetic heat transfer resistance at the liquid-vapor 311 interface (see also [10] ).
312
In addition, between the liquid and the solid phases (on 313 the wall defined in Fig. 2) , the continuity of the scaled 314 temperature and the scaled heat flux applies, and all the 315 other boundaries are considered as thermally isolated. 
323 323 which simply expresses that the variation of the liquid flux 324 along the X direction is equal to the flux leaving the liquid 325 due to evaporation.
326 By analyzing the equation of conservation of momen-327 tum Eq. (2), we first remark that P = P(X) Author Proof
355
By combining the Eqs. (11), (14), (16) and (17) , we 356 obtain a 2nd-order ordinary differential equation for the 357 scaled height of liquid along the heat pipe: 
369
Finally, it is possible from the knowledge of the scaled 370 height of liquid along the heat pipe to calculate, along the 371 pipe, the scaled axial velocity averaged in a cross-section 372 of liquid: 378 shows that the scaled averaged axial velocity of liquid 379 along the heat pipe is proportional to the slope of the 380 interface along the heat pipe, which is in agreement with 381 the work of Weislogel and Lichter [6] . Indeed, they 382 expressed the scaled averaged axial velocity hU * i as
384 384 where H * (X * ) is the scaled height of liquid along the heat 385 pipe in the symmetry plane of the heat pipe, X * is the scaled 386 coordinate along the heat pipe and F i is the flow resistance. 387 Note that * has been added to these variables because the 388 references used for scaling in [6] are different than in our 389 paper.
3.2 Thermal problem
391 For a given scaled height of liquid H and scaled heat flux 392 density q evap , the equation of heat transfer Eq. (3) in both 393 liquid and solid phases is solved in a cross-section of the 394 heat pipe, with the thermal boundary conditions of Sect. 395 2.3. It leads to the scaled temperature distribution in the 396 cross-section of the heat pipe for both the liquid and the 397 solid phases. This numerical resolution is performed using 398 the software Comsol Multiphysics 3.5a. Note that the mesh 399 on the liquid-vapor interface and near the contact line 400 region needs to be refined due to the (expected) large Biot 401 number (see [10] ) and that the convergence has been 402 checked.
403 By solving, in the evaporator and condenser sections, 404 the thermal problem in a cross-section of the heat pipe for 405 several scaled heights of liquid, a temperature distribution 406 can be associated to each scaled height of liquid. Knowing 407 these relations and using the profile of the scaled height of 408 liquid along the heat pipe obtained from the resolution of 409 the hydraulic problem, the 3D temperature field can then be 410 reconstructed both in the liquid and the solid phases.
4 Numerical resolution of the hydraulic problem

412
We assume here that the heat pipe has an evaporator sec-413 tion of the same length L evap as its condenser section (even 414 though the model can handle heat pipes with different 415 lengths for these sections). We also assume a uniform 416 scaled heat flux density on the three sections of the heat 417 pipe i.e. (18), we obtain:
425 425 The constant B 1 can finally be calculated from the 426 knowledge of the volume of liquid V l inside the heat pipe.
428 428 which has to be solved numerically for B The heat pipe is made from aluminum and the fluid used is 432 ethanol. The numerical data used for the resolution are 433 provided in Table 1 . 434 As we assume a uniform heat flux density profile, the 435 heat flux density at the evaporator q evap is given by
where Q in is the total heat flux introduced at the 437 evaporator section and L evap is the length of the latter.
438
For Q in = 0.05 W, the numerical data of Table 1 allow 439 to calculate the non dimensional numbers of the thermo-440 hydraulic problem. Table 1 , the value of the constant x is -0.00474. By using 455 this value and the data of Table 1 , the resolution of Eqs. 456 (22) and (23) leads to the profile of Fig. 4 for the scaled 457 height of liquid along the heat pipe.
458 The height of liquid is increasing from the evaporator 459 section to the condenser section, as expected.
460
Critical heat flux
461
The critical heat flux is the maximum heat flux that can be 462 applied in the evaporator section without reaching dryout.
463 In order to determine this critical heat flux, we examine the 464 variation of the profile of the scaled height of liquid along 465 the heat pipe when we increase the heat flux applied to the 466 evaporator section. Figure 5 illustrates this procedure. 467 Expectedly, we can observe that when the heat flux is 468 increased, the scaled height of liquid in the evaporator 469 section decreases until reaching dryout. With the data of 470 Table 1 
474
The profile of the scaled averaged axial velocity along the 475 heat pipe is given for the data of Table 1 in Fig. 6 . 476 We remark that the sign of the scaled averaged velocity 477 is negative, as expected, because the liquid flow takes place 
504
The scaled temperature field in a cross-section of the 505 evaporator section is shown in Fig. 7 . We remark that the 506 scaled temperature is quite homogeneous in the solid due to 507 its high thermal conductivity. The scaled temperature 508 decreases down to 1 (without reaching it, as Bi ) 1 but 509 finite) when we get closer to the liquid-vapor interface.
510 From the heat path also shown in Fig. 7 , we see that most 511 of the heat goes towards the contact points, which are 512 zones with the lowest thermal resistance. 
514
The procedure described in Sect. 3.2 allows determining 515 the 3D scaled temperature distribution in the heat pipe. For 516 instance Fig. 8 represents, along the heat pipe, the scaled 517 temperature of the liquid averaged in a cross-section.
518 The scaled temperature in the adiabatic section is 1 519 (corresponding to the saturation temperature) because there 520 is no heat flux applied to the external surface in this Fig. 4 Profile of the scaled height of liquid along the heat pipe for Q in = 0.05 W (other parameters are given in Table 1 ) Fig. 5 Variation of the profile of the scaled height of liquid due to an increase of the applied heat flux (indicated in the legend), showing that there is a critical value of the heat flux for which dryout occurs at the evaporator section. The order of the applied heat fluxes in the legend (from the top to the bottom) corresponds to the order of the curves in the evaporator section (from the top curve to the bottom one) Fig. 6 Profile of the scaled averaged axial velocity of liquid along the heat pipe for Q in = 0.05 W (other parameters are given in Table 1 Author Proof
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521 section. Note that by hypothesis (lubrication approxima-522 tion) the convective and conductive heat transport along 523 the heat pipe are neglected compared to the heat conduc-524 tion in each section.Within the evaporator and condenser 525 sections, the scaled temperature variations are small (so 526 small that they are not visible in Fig. 8 ) because the vari-527 ations of the scaled height of liquid are small in these 528 sections and because the variations of the scaled tempera-529 ture with the scaled height of liquid are small too. Still, the 530 scaled temperature drop between the two ends of the heat 531 pipe is 0.125. It corresponds to a dimensional temperature 532 drop DT of 0.861 K. Given that the length of the heat pipe 533 is 0.1 m, that the area of the cross-section of the triangular 534 groove X groove is 4 9 10 -7 m 2 and that this temperature 535 drop results from a heat load Q in = 0.05 W, we can cal-536 culate an effective thermal conductivity k eff as done by 537 Sobhan and Peterson [14] :
539 539 This value is 60 times larger than the conductivity of the 540 solid, which in our case is aluminum. 
542
The parametric sensitivity here consists in monitoring the 543 variation of the critical heat flux when one parameter of 544 Table 1 is changed while the others are kept constant. 545 In Fig. 9 , when the contact angle is decreased, it is seen 546 that the critical heat flux increases. This can be explained 547 by the fact that decreasing the contact angle diminishes the 548 thickness of liquid, and hence the thermal resistance, near 549 the contact points where most of the heat is transferred. 550 Figure 10 shows that there is an optimum for the semi-551 apex angle of the triangular groove. This optimum results 552 from the compromise between the friction of the liquid on 553 the wall and the capillary pumping. Indeed, small values of 554 / increase the capillary pumping but increase friction too. 555 Such an optimum was also observed by Markos, Ajaev and 556 Homsy [18] . Note that, for the results in Fig. 10 , the vol-557 ume of liquid inside the heat pipe has been changed to 558 5 9 10 -9 m 3 in order to avoid flooding in the condenser 559 section for the small values of the semi-apex angle of the 560 triangular groove.
561 By increasing the volume of liquid inside the heat pipe, 562 we increase the critical heat flux (see Fig. 11 ). Indeed, by 563 increasing the volume of liquid, we increase the height of 564 liquid in the evaporator section and thus dryout occurs 565 later. However, the volume of liquid can not be increased Table 1 ) Fig. 8 Profile of the scaled averaged temperature of the liquid along the heat pipe for Q in = 0.05 W (other parameters are given in Table 1 ) Fig. 9 Variation of the critical heat flux as a function of the contact angle h (other parameters are given in Table 1 Author Proof
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566 without bound because it could lead to flooding at the 567 condenser section. 568 Finally, the length of the heat pipe is increased by 569 increasing the length of the adiabatic section while keeping 570 the lengths of the evaporator section and of the condenser 571 section both equal to the values of Table 1 . As it can be 572 seen in Fig. 12 , when the length of the heat pipe is 573 increased, the critical heat flux decreases rapidly. Indeed, 574 when the length of the heat pipe is increased, the friction of 575 the liquid on the wall is increased too, and so does the 576 pressure drop between the condenser section and the 577 evaporator section.
7 Conclusion
579 A thermo-hydraulic model based on the lubrication 580 approximation and the one-sided approach was developed 581 in this work. The hydraulic problem reduces to a 2nd-order 582 ordinary differential equation for the scaled height of liquid 583 along the heat pipe. Its resolution for typical conditions 584 yields the profiles along the heat pipe for the scaled height 585 of liquid and for the scaled averaged axial velocity.
586 By increasing step-by-step the heat flux applied to the 587 heat pipe and monitoring the height of liquid in the evap-588 orator section, the model also enables predicting the critical 589 heat flux, i.e. the maximum heat flux that can be applied to 590 the heat pipe without reaching dryout. 591 The numerical resolution of the equation of conservation 592 of energy for the distribution of liquid height determined 593 by the hydraulic problem yields both the temperature field 594 in a cross-section of the heat pipe and the temperature 595 profile along the heat pipe. 596 Finally, the parametric sensitivity of the critical heat flux 597 indicates the existence of an optimal semi-apex angle for 598 the triangular groove. It also shows that the critical heat 599 flux increases when the volume of liquid inside the heat 600 pipe is increased, and when the contact angle and/or the 601 length of the heat pipe are decreased. -9 m 3 and other parameters are given in Table 1 ) Fig. 11 Variation of the critical heat flux as a function of the volume of liquid inside the heat pipe V l (other parameters are given in Table 1 ) Fig. 12 Variation of the critical heat flux as a function of the length of the heat pipe L 0 (other parameters are given in Table 1 
